Abstract
Introduction
Graft-versus-host disease (GVHD) remains a major cause of morbidity and mortality after allogeneic hematopoietic stem cell transplantation (HSCT). Improvements in immunosuppressive conditioning regimens have reduced the incidence and severity of acute GVHD, but the incidence of chronic GVHD (cGVHD) ranges from 20% to as high as 80% in different patient populations [1] [2] [3] [4] [5] . Chronic GVHD is one of the most serious complications of HSCT, affecting both quality of life and mortality in long-term survivors. The impact on the individual patient depends on the severity and number of organs involved, which also allows classification of patients according to the National Institute of Health's (NIH) criteria into mild, moderate and severe cGVHD [6, 7] . Importantly, cGVHD is also associated with a strong graft-versus-leukemia effect, reducing the risk of malignant relapse after transplantation [8] .
Risk factors for cGVHD include recipients of older age, prior acute GVHD, female donor-to-male recipient, HLA disparity between recipient and donor and use of peripheral blood as graft [9] [10] [11] . Approximately half of the patients respond to first-line treatment, mainly with corticosteroids given with or without a calcineurin inhibitor. The prognosis for steroid-refractory cGVHD remains poor [12, 13] . Different treatment options are available, including extracorporeal photopheresis (ECP), but there are no clear strategies for individual patients. The "trial-anderror" approach remains the only way to identify the most appropriate regimen [14] . Therefore, treatment of cGVHD should be personalized, i.e. based on patient and disease characteristics.
Extracorporeal photopheresis has been used with varying degrees of success to treat steroid-refractory cGVHD since the late 1990s, and it is viewed as a well-tolerated intervention with steroid-sparing effect [15, 16] . In the present study, ECP was used to treat a series of patients with moderate to severe cGVHD. The aim of this study was to retrospectively evaluate the effectiveness of ECP and to determine which subset of patients with cGVHD would benefit most from treatment.
Material and methods
The study was approved by the Regional Ethical Review Board in Stockholm (entry no. 425/97). Thirty-four patients who were treated with ECP in 1998-2011 due to moderate (n = 7) or severe (n = 27) steroid-refractory or steroid-dependent cGVHD after HSCT were included in this retrospective study. Patients that did not respond to primary immunosuppressive treatment strategies for cGVHD (corticosteroids and cyclosporine A -CsA) during this time period were either given ECP, mycophenolate mofetil (MMF) or other research-oriented treatments. The choice of these second-line modalities was based on the treating physician's choice. ECP was not chosen for those with ongoing infections, far distances between their homes and ECP clinic and for those patients who refused this treatment modality due to personal preference. All patients that received ECP were given the treatment as a second-line regimen following first-line immunosuppression described above.
In total, during this period, 881 patients underwent HSCT and 134 patients developed moderate to severe cGVHD. Chronic GVHD was retrospectively categorized according to the NIH consensus criteria [6] . Median age of the patient cohort was 32 (range 1.5-65) years, with 22 males and 12 females. Twenty-two patients received myeloablative conditioning and 12 received reduced-intensity conditioning. The majority of patients (n = 28) received peripheral mobilized stem cell grafts. After the patients were classified with cGVHD according to the NIH criteria, a representative age-and disease-matched control group was selected from the local HSCT quality registry based on similar cGVHD status. The controls and patients were matched based on the global NIH score, in which the controls had to have the same index organ severity as the patients. The characteristics of the patients and controls are summarized in Table 1 . 
Apheresis procedure
All patients underwent apheresis using a Cobe Spectra system (Terumo BCT, Lakewood, CO, USA) with the AutoPBSC program via venous access through peripheral veins or, most commonly, a central venous catheter. Each time, an equivalent of one blood volume was processed. Anticoagulation was achieved with ACD-A at a ratio of 1 : 11 to 1 : 13.
UV-A treatment
The cells collected were diluted in saline solution (0.09% NaCl) to a final volume of 300 ml. 8-methoxypsoralen (8-MOP) was then added to the cells before transfer to a UV-A-permeable EVA-bag (MacoPharma, Mouvaux, France). After hematocrit measurement to ensure a hematocrit of < 2%, the cells were exposed to UV-A irradiation at 2 J/cm 2 (Vilber Lourmat, Marne-laVallée, France) [17, 18] . The cells were then immediately re-infused to the patient. In children, the cell product volume was reduced before infusion.
Extracorporeal photochemotherapy treatment regime
Extracorporeal photochemotherapy (ECP) procedures were performed on two consecutive days every week until a clinical response was achieved, and then tapered by slowly extending the treatment intervals (every other week and eventually every four weeks). Treatments were discontinued either when a stable clinical response was reached or when there was treatment failure. Stable clinical response was defined as a partial or complete remission of cGVHD that was sustained over 3 months. The definition of stable clinical response also included patients with stable disease, that is, with no improvement or worsening of cGVHD during a 3-month period after ECP initiation. Treatment failure was defined as progressive disease, i.e. worsening of cGVHD during ECP treatment.
Chronic graft-versus-host disease prophylaxis
All patients except one received GVHD prophylaxis with cyclosporine A (CsA) or tacrolimus combined with methotrexate. The remaining patient received CsA and prednisone.
Retrospective patient evaluation
Chronic GVHD was originally prospectively diagnosed and documented according to the Seattle criteria [4] . For the current study, information was extracted from patient charts and reviewed to retrospectively assess the data according to the NIH classification. The assessment included the patient's medical history, histological samples, radiological and physiological examinations such as pulmonary function tests (PFT). PFT was conducted every three to six months during treatment and parameters such as FEV 1 , FEV 1 /VC (vital capacity) and diffusion capacity were collected.
In the current study, evaluation of ECP treatment was based on medical records and NIH cGVHD classification at set time points: 8 weeks and 6 months after initiation of ECP.
A complete response (CR) to ECP was defined as full resolution of cGVHD. If improvement in cGVHD was observed with a decrease of ≥ 1 point on the organ-specific NIH cGVHD score, this was defined as a partial response (PR). The definition of stable disease (SD) included no change in cGVHD activity observed and progressive disease (PD) was defined as progressing cGVHD activity during or up to 8 weeks after cessation of ECP treatment. The results of laboratory measurements including hemoglobin levels, white blood cell (WBC) counts, platelet counts and albumin levels before and 8 weeks after cessation of ECP treatment were collected and analyzed. Alterations in laboratory parameters before ECP compared to 8 weeks after cessation were analyzed, and so was the difference between the two patient groups (CR/PR vs. SD/PD).
Immunosuppressive treatment
Most patients (80%) had been on immunosuppressive treatment with prednisone (1-2 mg/kg) and CsA before starting ECP. The remaining 20% had different regimens including, among others, sirolimus, tacrolimus and MMF combined with prednisone. Response of cGVHD to firstline treatment was generally evaluated two to four weeks after initiation of therapy and subsequently every three months until cessation of treatment. All patients received antibacterial, antifungal and antiviral prophylaxis according to institutional guidelines.
Chronic graft-versus-host disease
Organ manifestations are described in Table 2 . Most patients (n = 17) had cGVHD involving 1 (n = 9) or 2 (n = 8) organs. Furthermore, 8 patients had 3 organs involved, 4 patients had 4 organs involved and 5 had 5 to 7 organs involved. Skin cGVHD was seen in 18 patients: three with mild, six with moderate and nine with severe involvement. All patients with severe skin cGVHD had sclerodermatous presentation with erythematous rashes. One patient presented with a sentinel lesion in the form of a wound on both arms.
Statistical analysis
Overall survival (OS) was calculated using the Kaplan-Meier method and compared by the log-rank test. Transplant-related mortality (TRM) was estimated using a nonparametric estimator of cumulative incidence curves, taking competing events into consideration. Categorical parameters were compared using the χ 2 test, and continuous variables were compared using the Mann-Whitney test. When comparing parameters before and after ECP the Wilcoxon matched pair test was used. Analysis was performed using the cmprsk software package (developed by Gray, June 2001), Splus 6.2 software (Insightful, Seattle, WA) and Statistica software (StatSoft, Tulsa, OK).
Results

Patient outcome
Overall survival for all 34 patients in this study was 82% at one year and 58% at 5 years after initiation of ECP. Median time to cGVHD onset was 200 (range 67-1222) days after HSCT. ECP was initiated within median 161 (range 10-1421) days after the onset of cGVHD.
Clinical extracorporeal photochemotherapy evaluation
The median number of ECP treatments was 22 (range 2-100) over median 26 (range 1-174) weeks. The ECP treatments were well tolerated and no side effects during cell infusions were reported.
After ECP treatment, 5/34 patients (15%) developed CR, 18 (53%) PR and 8 patients (24%) showed stable disease. Three patients (9%) suffered from progress in disease during ECP.
Organ-specific response rate
Patients with CR/PR were predominantly those with cGVHD of the skin and oral mucosa with an organ-specific score (OSS) of 1-3 according to NIH classifications [6] . The most common organ involvement in partial responders was skin cGVHD with an OSS of 2-3 (n = 13). The majority of such patients had a combination of skin and liver involvement, with an OSS for liver involvement of 2-3. Responses included softened skin and subcutaneous tissue, reduced erythema and decreased extent of scleroderma or hidebound skin. Isolated gastrointestinal (GI) or liver involvement (OSS 2-3) followed as the second largest group of responders.
Patients with GI, liver and pulmonary cGVHD were most frequent in the SD/PD group. In the patients with PD, the most common organ involvement was the lungs (OSS 2-3) ( Table 3 ). The CR/PR group received almost twice as many ECP treatments [24 (7-100) vs. 14 (2-49), p = 0.09] and for a four-times longer period of time than the SD/PD group [38 weeks (3-117) vs. 9 weeks (1-61), p = 0.02].
One CR/PR patient was treated for 117 weeks due to hidebound scleroderma with skin cGVHD grade 3. The patient's condition improved with softening of the skin/subcutaneous tissue during the course of treatment, until the final 12 weeks in which the patient had developed SD with an OSS of 2. The SD/PD patient with 61 weeks of ECP treatment had a severe bronchiolitis obliterans and initially responded to ECP treatment when administered at a rate of one treatment every other week after which the treatment frequency was tapered. The patient rapidly developed more severe symptoms when the treatment was tapered to once a month, and finally died due to respiratory failure.
Corticosteroid treatment
In the data analysis stage of the current study we chose to analyze corticosteroid treatment before, at 8 weeks and 6 months after cessation of ECP treatment in order to obtain a more defined trend of sustained and decreased need of corticosteroids even after ECP treatment was stopped. There was a significant decrease in corticosteroid doses both early (+8 weeks) and late (+6 months) after ECP treatment (Fig. 1) . In the CR/PR group, the corticosteroid dose was significantly lower 8 weeks after ECP than at the start (p < 0.001) and at 6 months after ECP a further decrease was seen (p = 0.02). In the SD/PD group, no significant decrease was detected.
Laboratory measurements during extracorporeal photochemotherapy
There was a significant increase in platelet counts and albumin levels after ECP treatment in CR/PR patients. When studying the difference between the two patient groups (CR/PR vs. SD/PD) there were significant differences between the two patient groups with regard to both platelet and albumin levels before ECP (Fig. 2) . In the CR/PR group, both parameters were significantly higher after ECP treatment than in the group with SD/PD. WBC counts decreased in both CR/PR and SD/PD, however the difference between the groups was not significant. Hemoglobin levels remained unchanged after ECP treatment for both SD/PD and CR/PR.
Cause of death
Six patients died within a year after the start of ECP. The causes of death were bronchiolitis obliterans in three patients, pneumonia in one, invasive fungal infection in one and multiple organ failure in one patient. All of the aforementioned patients except one belonged to the group with SD/PD responses. Eight additional patients died within five years after the start of ECP treatment. In two patients the cause of death was invasive fungal infection and two patients died from progressive bronchiolitis obliterans coinciding with invasive fungal infection. Other causes included pneumonia, gastrointestinal hemorrhage, septicemia and malignant relapse. Patients with CR/PR had a higher survival rate compared to patients with SD/PD (Fig. 3) .
Clinical comparison to the control group
As shown in Figure 3 , the cumulative surviving proportion was higher in the CR/PR patient group as compared to SD/PD (p < 0.001) and the controls (p < 0.01) (SD/PD vs. controls, p = 0.035). In addition, the lowest rate of TRM was seen in individuals with CR/PR (Fig. 4) (CR/PR vs. SD/PD, p < 0.001; SD/PD vs. controls, p = 0.001). The most predominant cause of death in the control group was relapse, followed by infection and cGVHD.
Discussion
Chronic GVHD remains a major cause of increased mortality and morbidity in long-term survivors after allogeneic HSCT. Second-line therapy for steroid-refractory or steroid-intolerant patients is not standardized. This study presents results concerning ECP as treatment for such patients.
ECP was first used successfully in the treatment of cutaneous T-cell lymphoma [19] . The mechanisms behind the beneficial effects were uncertain at that time, although several studies have shed light on the matter. ECP induces apoptosis of all treated leukocytes within 24-48 hours of treatment. Antigen-presenting cells clear the infused ECP-treated cells (pre-apoptotic cells) which yields immune modulation with immune tolerance [18] . One mechanism behind this event is the upregulation of functionally active CD4+CD25+ FOXP3+ regulatory donor T-cells whose main role is to switch off autoreactive T-cells [20, 21] .
The overall response rate (0.5) in the current study is confirmed by a recent review in which Abu Dalle et al. showed an average response rate of 0.64 (95% CI: 0.47-0.79) but with high variability between the described studies [20] . In the same review, complete responders were 0.26 (95% CI: 0.05-0.55), which is in line with our results for the CR group with a response rate of 0.15. The methodology for assessment of ECP response varies between different studies but most use organ-specific measurements [22, 23] .
In line with previous studies, we also show that the highest response rate was seen in patients with skin cGVHD, the majority of these patients were only partial responders [20] (Table 3) , more complete responders were found among patients with liver cGVHD. Only one patient had isolated liver involvement; the rest had concurrent skin and/or visceral involvement. To our knowledge, this has not been described previously. Several previous studies have reported the highest response rate in skin and/or GI cGVHD [15, [24] [25] [26] [27] and responses increase when skin le- sions are treated early before development of scleroderma features. In the current study, none of the aforementioned patients were most prevalent in the CR group, which mostly consists of patients with liver cGVHD. Perhaps this is due to the fact that the liver is a highly immunologically active organ and one can speculate that the vast majority of ECP-treated cells would be found in the liver and spleen; accordingly, immune modulatory effects should be highest in these organs. Most patients with skin cGVHD in the current study had scleroderma before ECP treatment was started. This may have contributed to the low response rate in these patients. Also, main organ manifestation with liver involvement was more predominant in our study as compared to others [23, 27] . At our center, a corticosteroid together with a calcineurin inhibitor is the first-line treatment for patients with cGVHD. This results in prolonged periods of heavy immunosuppression and risk of side effects such as osteoporosis, Cushing syndrome and infections. Our results indicate a significant decrease in the need for corticosteroid both in the short and long term after ECP treatment (Fig. 1) . Here, we show that the corticosteroid treatment was successfully tapered in a timely fashion and discontinued in patients who responded completely, which in itself is an important clinical endpoint.
Leukocyte counts decreased after ECP treatment which may be attributed to the apoptotic process involved in ECP and also the tapering of corticosteroid treatment (Fig. 2) . Additionally, platelet count showed a significant increase in the group of responders (Fig. 2) . A low platelet count has been shown to be a poor prognostic indicator for cGVHD and is associated with a lower response rate to ECP [25] . Our results indicate that directly or indirectly, ECP may induce increased and normalized platelet levels in ECP responders. Moreover, albumin levels increased significantly in the CR/PR group as compared to the SD/ PD group. One would expect this group to be dominated by the prevalence of GI-cGVHD and this was also the case in the current study. The second largest group of patients with SD/PD were those with liver cGVHD and this also corresponds well with lower albumin levels due to impaired albumin production during active cGVHD. The observed differences in platelet counts and albumin levels between the two groups after ECP treatment may be used prospectively as essential parameters in evaluating treatment response before more evident clinical changes manifest, e.g. skin softening, which can take up to a year to appear.
In the present study, the average length of treatment was greater in the CR/PR group than in the SD/PD group. Treatment was most likely discontinued in the SD/PD group due to ineffectiveness on cGVHD symptoms. As mentioned previously, six patients in the SD/PD group died within one year of treatment which also shortened treatment length in this group.
In addition, we showed that patients with CR/PR have higher survival and less TRM than the SD/PD group. Unexpectedly, when compared to the control group, the CR/PR patients had better results in terms of TRM and survival. This would indicate a beneficial effect of ECP in terms of clinical outcome. To date these findings have been novel.
In conclusion, we found that patients with severe cGVHD involving primarily the skin followed by oral involvement, had the best response rates to ECP treatment. In this single center setting we can conclude that ECP is a safe treatment option for patients with steroid-refractory cGVHD. A good individual response against liver cGVHD was also noted which, to our knowledge, has not been reported before. We did not find convincing response rates in patients with severe pulmonary cGVHD, in contrast to a recent report [28] . Patients who responded to the ECP treatment had a significant increase in platelet and albumin levels. We think that laboratory parameters may have an important role as indicators of the clinical response to ongoing treatment. Our results suggest that ECP treatment is safe and effective for patients with skin, oral and liver cGVHD. We also show that patients meeting these criteria actually far better in terms of TRM and survival than those who do not receive ECP. In accordance with a recent study, we also show that ECP is a convincing option as second-line treatment for cGVHD and furthermore we define certain cGVHD organ involvement as better responders [29] . Further prospective trials are needed to determine whether treatment should be provided pre-emptively to certain patients who are at risk of developing severe cGVHD.
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